Abstract-The ECGs transmission problem becomes actual nowadays due to the tremendous progress in communications. One of the major aspects of the transmission is the source coding (compression). The wavelet theory becomes a tool frequently used in compression. The aim of this paper is a very fast compression algorithm based on wavelets. Some simulation results prove the performance of the proposed algorithm.
INTRODUCTION
One of the most exciting applications in telemedicine is the surveillance of a patient suffering of a cardiac illness working at home. The patient is equipped with an ECG acquisition system connected in a wireless network. Its ECG is transmitted at a hospital, where it can be monitored. From the signal processing point of view, the acquisition system must perform some operations: sampling, quantization, denoising, base line correction, compression, coding and modulation. We have already proposed methods based on wavelets theory for the denoising [1] and base line correction [2] . The simulations reported in these papers use the MIT-BIH ECG database. These ECGs are acquired using a sampling frequency of 360 Hz and an analog to digital (AD) conversion on 11 bits. The aim of this paper is to complete the acquisition chain formed by the sampler (with sampling frequency of 360 Hz), the analog to digital converter (ADC on 11 bits) the denoising system (proposed in [1] ) and the baseline correction system (proposed in [2] ) with a compression system. The architecture of the acquisition chain proposed in this paper is presented in Fig. 1 . The wavelet theory was already used for images [3] and speech compression [4] . Some results concerning the ECG compression are also reported in literature [5, 6] . In [3] [4] [5] [6] was used the Discrete Wavelet Transform (DWT) due to its sparsity. It concentrates the entire energy of the input signal in a small number of large valued wavelet coefficients. The others, representing the majority of wavelet coefficients, have small values. An important compression ratio is obtained considering only the large valued wavelet coefficients. The quality of a compression method is appreciated using the ratedistortion theory [7] . Generally, the compression ratio and the distortion factor are inverse proportional. So, at a given distortion factor, a compression method is better than another if it produces a higher compression ratio.
The structure of the paper is the following. In the second section is described the proposed compression algorithm. The third section is dedicated to simulation results and comparisons with other ECG compression methods based on wavelets. Some conclusions are presented in the fourth section.
II. PROPOSED ALGORITHM
The simplest compression algorithm based on DWT supposes the rejection of wavelet coefficients with the magnitude inferior to a given threshold. This is equivalent with the filtering of wavelet coefficients with a hard thresholding filter [8] . The DWT has two features: the mother wavelets (MW) used and the primary resolution (number of decomposition levels). Adding the feature of the hard thresholding filter which is the value of the threshold, the ECG compression optimization problem becomes a three features selection problem. This problem can be solved by simulations.
We defined a quality factor QF similar with the measure proposed in [9] as the ratio of the square of the compression ratio and the distortion factor and we computed it for different groups of three features: 2 / CR PRD QF =
(1) where we have computed the compression ratio as:
where bi N is the number of bits of the input signal and bo N is the number of bits of the compressed signal. We have denoted by M the number of bits required for the representation of each wavelet coefficient and by P the number of bits necessary for the representation of the position of a not null wavelet coefficient. The number of wavelet coefficients is denoted by For the evaluation of the distortions we used the Percent Root-Mean Square Difference (PRD), defined in [5] and [6] as:
where x represents the input signal having N samples and x represents the reconstructed signal obtained after compression and reconstruction. The results obtained are presented in the first part of Section 3 and compared with results from literature. The simulation strategy is presented in Fig. 2 . The input signal is obtained after the denoising and the baseline correction of an ECG selected from the MIT-BIH database. These simulations do not take into account the quantization of the wavelet coefficients. However, this operation is required in a real communication system. Unfortunately, it increases the distortion factor. In the second part of Section 3 are presented some simulations where we use the features obtained in the simulations from the first part and we consider the quantization of the wavelet coefficients. The corresponding compression system is presented in Fig. 3 . For the coding of the positions of the nulls wavelet coefficients we propose a run-length encoding (RLE) [4] . This is a very fast coding method based on the repetition of symbols in a sequence. It substitutes a string of identical symbols with the number of repetitions. A special symbol is used to indicate such a substitution. The run-length coding substitutes the string of identical symbols X by the sequence of symbols S c XC c where S c is the special symbol and C c represents the number of repetitions. The input signal is obtained as in the case of Fig. 2 . The block Segmentation makes the partition of the ECG in blocks of length equal with 1024, which are treated independently. 
II. SIMULATION RESULTS
We have used segments acquired from two ECGs from the MIT-BIH database, namely 102 and 105. In the following figure is given an example. The third waveform in Fig. 4 represents an example of input signal for the proposed compression algorithm. The effect of quantization is visible on the second waveform in Fig. 6 . Taking into account the fact that in the case of ECGs the diagnostic is established on the basis of a visual analysis, such a compression is not acceptable. The PRD of the second signal in Fig. 6 has a value of 6.3e-3, indicating a compression with a good quality. Hence, the PRD is not the most appropriate distortion measure for the compression of ECGs.
The results of the first set of experiments are synthesized in Table I . On the first column is specified the ECG under test. On the third column is given the number of vm of the selected MW. The compression ratio is indicated on the fifth column. For the first ECG, the best QF is obtained using the Daubechies MW with vm=3. For the second ECG signal, the best QF is obtained using the Daubechies MW with vm=21. This means the selection procedure proposed in this paper is also sensitive with the input ECG. It can be observed, analyzing Table I , that the best results are obtained using the Daubechies family of mother wavelets. Unfortunately, these results (especially the number of vm) are very different for the two ECGs considered. From the CR point of view, results quite similar with the results obtained for the Daubechies family are obtained for the family of biorthogonal wavelets. In this case the number of vm required by both input ECGs is the same but the spreading of the threshold values required is still high. This spreading is minimized in the Coiflet family. In this case the spreading of the values of vm is also smaller. For these reasons we preferred the Coiflet MW with a single vm for the second category of experiments reported in this paper. Comparing the results in Table I with the results reported in [5] and [6] it can be observed that compression ratios have the same order of magnitude. The compression ratios obtained using the proposed algorithm or the algorithm in [6] can be improved if a lossless compression method is applied to the wavelet coefficients retained. From the PRD point of view, the results of the proposed compression algorithm are smaller with one or two orders of magnitude than the results reported in [5] or [6] . This comparison is not very accurate because the records used in the present paper are different of the records used in [5] [6] . A better comparison can be made using the same records for the same CR. The goal of the second category of simulations is to take into consideration the quantization of the wavelet coefficients. To keep the resolution of the original ECGs from the MIT-BIH database we have quantized the not nulls wavelet coefficients on 11 bits. The reconstructed signal is obtained applying the inverse DWT (IDWT) to the sequence of quantized wavelet coefficients. We have quantized this signal on 11 bits also. In Fig. 7 is represented the sequence of quantized wavelet coefficients obtained after the compression of a segment of the ECG 102. The waveforms of the input signal and of its reconstructed variant are represented in Fig. 8 . The proposed compression method does not produce visible distortions. The compression ratio can be improved if a lossless data compression method is added. It is possible, for example, to extract the positions of the not nulls wavelet coefficients from the sequence of positions of the nulls wavelet coefficients. It is easier to transmit the sequence of not nulls wavelet coefficients using a RLE procedure because numerous repetitions of the symbol 0 can be observed in Fig. 7 and the effect is the decreasing of the term nnwc P N ⋅ from the denominator of the right hand side of equation (2) . Another possible source for the increasing of the CR is the quantization of the input signal or of the reconstructed signal on a number of bits smaller than 11 (but higher or equal with 8). 
III. CONCLUSIONS
In this paper is presented a very simple compression algorithm based on wavelets. Due to its simplicity it is also very fast and can be easily implemented. We have proved the necessity to take into account the quantization of wavelet coefficients when the analysis of a compression method is made. To preserve the resolution of ECGs from MIT-BIH database it is necessary to quantize the wavelet coefficients on 11 bits. The quantization increases the distortions of the compression procedure. A selection strategy for the features of the compression method is also proposed in this paper. It is based on a quality factor which depends on the compression ratio and on the percent root-mean square difference of the compression method. This procedure permits the selection of the association mother wavelets-threshold value which maximizes the quality of the compression as a function of the input ECG. We have proved that the Percent Root-Mean Square Difference does not represent the best measure for the distortions of an ECG. It could have small values for signals visible distorted. Taking into account that the analysis of ECGs is made visually, a visual criterion for the appreciation of the distortions seems to be better. The research of the proposed compression method can be continued on several directions. One of them is to make the compression algorithm adaptive. This can be done with the aid of an adaptive quantization, which can be implemented as in the case of the speech compression method described in [4] . It is also possible to exploit the multi-resolution property of the DWT, by selecting different threshold values for different resolutions. Another future research direction is to replace the hard thresholding estimator, which is non parametric, with a parametric estimator, because there is some a priori information in the case of ECGs. These signals are quasi periodic. A treatment realized on independent beats could give better compression results [8] . Separating the QRS complexes of the P and T waves, it is possible to treat these two categories of signals with different mother wavelets or with different quantization systems. Finally, another research direction is to replace the DWT, which is not shift invariant, with other wavelet transforms as for example the hyperanalytic wavelet packets transform [10] , better suited for the ECGs compression.
